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PREFACE 

This little volume contains the substance of lectures by 
which I have been accustomed to introduce the more 
advanced of my students to a course in modern economic 
theory, I could find no text-book sufficiently brief for my 
purpose, nor one which distribu,ted the emphasis in the 
desired manner. My object, however, in preparing my 
notes for publication has not been principally to provide a 
book for classroom use. It must be admitted that eery few 
teachers of Economics as yet desire to address their stu- 
dents in the mathematical tongue. I have had in mind not 
so much the classroom.as the study. Teachers and students 
alike, however little they care about the mathematical 
medium for their own ideas, are growing to feel the need of 
it in order to, understand the ideas of others. I have fre- 
quently received inquiries, as doubtless have other teachers, 
for some book which would enable a person without special 
mathematical training or aptitude to understand the works 
of Jevons, Walras, Marshall, or Pareto, or the mathematical 
articles constantly appearing in the Economic Journal, the 
Journal of the Royal Statistical Society, the Giornale degli 
Economisti, and elsewhere. It is such a book that I have 
tried to write. 
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vi PREFACE 

The immediate occasion for its publication is the appear- 
ance in Englisli of Cournot's Principes maihematiques de la 
theorie des richesses, in Professor Asliley's series of " Eco- 
nomic Classics." Tlie " non- mathematical " reader can 
only expect to understand the general trend of reasoning in 
this masterly little memoir. If he finds it as stimulating as 
most readers have, he will want to comprehend its notation 
and processes in detail. 

I have tried in some measure to meet the varying needs 
of different readers by using two sorts of type. If desired, 
niost of the fine print may be omitted on first reading, and 
all on second. The reader is, however, advised not to jDass 
over all of the examples. 

Although intended primarily for economic students, the 
boolt is equally adapted to the use of those who wisli a short 
course in " The Calculus " as a matter of general education. 
I therefore venture the hope that teachers of mathematics 
may find it useful as a text-book in courses planned espe- 
cially for the " general student." I have long been of the 
opinion that the fundamental conceptions and processes of 
the Infinitesimal Calculus are of greater educational value 
than those of Analytical Geometry or Trigonometry, which 
at present find a conspicuous place in our school and college 
curricula. Moreover, they are almost as easily learned, and 
far less easily forgotten. 

IRVING FISHER. 

New Haven, September, 1897. 
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INFINITESIMAL CALCULUS 



CHAPTER I 

THE GENERAL METHOD OF DIFFERENTIATION 

1, The Intinitesimal Calculus treats of the ultimate ratios 
of vanishing qtiantities. This definition, ho^'ever, can only 
become intelligible after some actual acquaintance with 
"ultimate ratios." 

2. The conception of a limiting or ultimate ratio is funda- 
mental in many familiar relations. It is impossible, without 
it, to obtain a clear notion of what is the velocity of a body 
at an instant. The average^ velocity of the body during a 
period oi time may readily be defined as the quotient of the 
space traversed during that period divided by the time of 
traversing it. If a steamer crosses the Atlantic (3000 miles) 
in 6 days, we may say that the average speed is 3000 -j- 6, 
or 500, miles per day. But this does not tell us the speed at 
various points in the voyage, under bead winds, storms, or 
other conditions, favorable or unfavorable. What, for 
instance, was the speed at noon of the third day out? We 
may obtain a first approximation to the desired result by 
taking the average speed for a short time after the given 
instant; that is, taking the ratio of the distance iravcrsetl 
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2 INFINITESTMAL CALCULUS 

during (say) the following hour to the time of traversing it, 
which is -^ of a day. If this distance be 20 miles, we obtain 
20 -5- -ji^, or 480 miles per day, as the average speed during 
that hour. For a second approximation we take a minute 
instead of an hour ; for a third, a second instead of a minute, 
and so on. The ratio of the space traversed to the time of 
traversing it becomes closer and closer to the true speed. 
Though both the time and space approach zero as limit, 
their raAo does not. The limit which this ratio approaches, 
or the ultimate ratio of the distance traversed to the time of 
traversing it when both distance and time vanish, is the pre- 
cise speed at the instant. 

3. Let us appt> this method of obtaining velocity to 
bodies falling in a vacuum. We know from experience that 
the distance fallen equals sixteen, times the square of the 
time of falling, i.e. s= 16 1", where s is the distance fallen 
from rest (measured m feet), and t is the time of falling (in 
seconds),. Consider the body at some particular instant, t 
being the time to this particular point and s the distance. 
Suppose we wait until the time has increased by a small 
increment At, during which the body increases its distance 
from the starting-point, s, by the small increment As. Since 
the above formula holds true of a/t points, it holds true now, 
when the time is t+At, and the distance is s+As. That is, 

j-]-Aj= i6(t+Aty. 
This gives 

s + As^ i6t'^+ S^t ■ At+ i6(Aty. 



Subtracting, we have 

As = 32i- At+ i6{Aty, 
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GENERAL METHOD OF DIFFERENTIATION 



whence - =32^+16 A/. (i) 

This is the average velocity during the sraali interval i/. 

Thus, if A; =: J second and / be 5 seconds, the average speed of the 
body during that half second (viz,, the one beginning 5 seconds from 
rest) is32X5 + l6x J, or 168 feet per second. If we take tIj, of a sec- 
ond instead of \, we have 32 x 5 + 16 x t^j, or l6o.l feet per second. 

The speed at the very instant of completing the 5th 
second is obtained by putting £xt=o, which gives 160 as 
the instantaneous speed. 

Now, when Ai^o, we call it lit, because o would not 
remind iis of the kind of quantity which vanished, whereas 
i/^does suggest /, the magnitude which vanished. When I^i 
becomes zero, or d/, As evidently becomes zero too, for a 
body cannot go any distance in no time. This zero we call 
ds. Equation (i) therefore becomes at the limit 



for we can neglect the zero on the right, but not those on 
the left (the ratio of two zeros does not reduce to zero). 

Thus, the velocity of a body which has fallen 4 seconds is 32 x 4 
or 12S feet pet second. What velocity has it after falling 10 seconds ? 
After 7 seconds ? 3? ij? Zero? 

4. It may be objected to the reasoning in the last article 
that — ■ or - is indeterminate. This is true. - is equal to 
2, or ig, or i, or any number we please. £u( the limit ef 
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not ; 


indeterminate. We thus us 


"' 


A/ h n Ai' 



The first is determinate, the secjnd is mdeterininite, 
though for thit very reason it maj alwa>b be put equal to 
the first Only the first, or Imi— is impoitant Thi', is 
the "ultimate ratio of two \anishing quantities 

5. The zeros ds, dt, and others obtained bj the vanishing 
of finite quantities are ciUed mfinittsimal or difft tiitiah 
Thej -ire, however, true zeros and not simply very small 
quantities Before the distinction between the himt cf the 
ratio of vanishmg quantities { if^ lim — j and the ratio of 

their limits [e.g.- — — ] was co npletely grasped the meth- 

^ hin t^t) 
ods of the Calculus were viewed with buspicion. Bishop 
Berkeley derisively called differentials the "ghosts of de- 
parted quantities" about which only shadow) conclusions 
were possible. 

The ultimate ratio of the vanish ng quantities A^ and i/, 
i.e. the magnitude lira— 01 -^ ib called the differential 
quotient or differential coefficient or better, derivative of s 
with respect to /. Since s is the same as 16 t^ we also say 
that — , or its equal 32/ is the derivative of 16/ 

6- In the particular case considered above, the differ- 
ential quotient is a velocity and may be denoted by v. 
Equation (2) thus becomes * v= ^2 t. 

• If distance be measured in centimetres instead of in feet, we 
should have v = 'jZot, and in general v = gt, where ^ is a conalant 
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GENERAL METHOD OF DIFFERENTIATION 5 

Velocity at a point may now be defined as ihe ultimate 
ratio -of the space traversed Just after passing the point to the 
time of traversing it when the space and time approach zero 
as Hniit. 

7. Esampi.es. 

1. What is the velocity of a body whicii has fallen 10 seconds? 
100 seconds ? Ii^ seconds ? 

2. What is the velocity of a body which has fallen 16 feet ? 
Hint. — First find how many seconds it has fallen by using j= 16 /=. 

4 feet ? 

4. It being known that a body, falling not from test, but with an 
initial velocity of 5 feet per second, obeys the law 

< = i6<'+5/, CO 

what will be its velocity at the end of any time t ? 

Subtract (l) from (2), divide by Ai and then reduce A^ and Ai to dt 
andai. ^,^ * = 32i+ - 

5. What will be the velocity at the end of 10 seconds ? At the end 
of 69 feet ? 

6. It being known that a body falhng with an inlliai velocity of a 
obeys the law s = §^/3 4- iit, what will be ils velocity at the end of 
time t ? When < = 3 ? 

8. When one quantity depends upon another, the first is 
said to be a function of the second. A change in the second 
is accompanied by a change in the first. 

depending for its numerical value on the units chosen for measuiing 
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6 INFmiTESIMAL CALCULUS 

Thus the distance a body falls fcom test is a function of tlie liiue of 
falling, for how fat the body falls depends on how long it has fallen; 
llie demand for an aiticle is a function of its price, for if the price 
changes the deraand changes; \f y = x% (hen j' is a fnnclion of j;, for 
a variation in the magnitude of x necessitates also a vaiiatioti in the 
magnitude of _j'. 

9. When one quantity is a function of another, the latter 
is called the independent variable, and the former the de- 
pendent variable. 

The distinction between the independent and the depend- 
ent variable is only for convenience of expression. The 
two may be interchanged. 

Thus, as the distance of a falling body from the statting-point 
changes, there is also a change in the time it has taken. Hence we 
may say that " time of falling " is a function of " distance fallen." Simi- 
larly price may be tegatded as a function of demand. Again, j = x^ 
may be written x = Vy, thus making x a function of y. The idea of 
functional dependence is therefore quite different from that of causal 
dependence. Functional dependence is a nnitual relation. 

In the example of falling bodies s was a function of t, and 
what we accomplished was to find the differential quotient 
or derivative of that function. The derivative in this case 
was a velocity. In general the process of finding the differ- 
ential quotient of any given function is called differentiation, 
and is the subject matter of the Differential Calculus, one 
of the two branches into which the Infinitesimal Calculus is 
divided. The Differential Calculus will occupy us in the 
first five chapters of this book. 

10. A secondimportantapplicationof the idea of a differ- 
ential quotient of a function is to the tangential direction of a 
curve at any point on it. The Calculus enables us to conceive 
in the most general manner of a tangent to a curve. The 
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7 



student should observe that the usual definition of a tangent 
to a circle will not apply to any and all curves. A straight 
line may have only one point in common with a curve and 
yet cut it and not be tangent. 

II. Let RS be a curve whose equation is 

^=1 + 5^-*-^. (I) 

That is, for any point P upon it, the " ordinate," y (or dis- 
tance, PA, from that point Co the horizontal axis), is related 



N 

\J~ — 'm 

/ // 


P, 




c \ 


Q' /Q/ 
R 







S 



to the " abscissa," x (or distance, OA, from the vertical axis), 
in the manner expressed by (i). PA is a function of OA ; 
i.e. the height, PA, of any point P on the ciirve depends 
upon its distance, OA, from the vertical axis. 

What is the direction of the curve at the point /*? The 
direction from the point P to another point P' is the direc- 
tion of the secant line Q'PP'. The point /" has for abscissa. 
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8 INFINITESIMAL CALCULUS 

X + Ajc, and for oidinate, y + A^. Since the relation (i) 
liolds true of all points on the curve, it holds true of P'. 

Hence ^ + A^ = i + 5 (.-c + Ax) — (x + Ax)", 

or y + Ay=i + SX+ $ Ax - x!^ -^ 2 x Ax - (Ax)\ 

Subtracting y ^ 1 -{- ^ x — x% 

we have A^ = 5 Ax — 2 x Ax — {Ax)", 



±=s- 



We may pause here a moment to see what this result' 

means. ^^ or ^^ is the " slope " of the line Q'lT'. That 

Ax PC 
is, it is the rate at which a point moving from Q toward P' 
rises in proportion to its horizontal progress. It is the same 
sort of magnitude as that referred to as the "grade" of an 
uphill road which rises "so many feet to the mile (hori- 
zontally)." If ^y- = J-, Q'PP' rises one foot in every ten 
horizontally. The " slope " of a line shows its direction. 

The equation — =5 — 2.1- — Aj: shoivs that the " slope " of tbe 
secant line Q'PP is to be found by taking 5 and subtracting, first, 
two times the number of units in OA and then the number of units 
in AB. For instance, if 0.4 = a and AB = \, then 

i.e. the secant slopes I fool up for every 2 feet sidewise. 

12. But we iiave not yet reached the tangent at P. Let 
the point /" be gradually shifted along the curve toward P 
until it ultiniately coincides. The secant QP' will gradually 
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GENERAL METHOD OF DIFFERENTIATION 9 

change its direction and approach a limiting position QP. 
This limiting position we call the tangent. Its slope is 




Examples. 

1. What is the slope of the tangent to the above curve at the point 
whose abscissa is i ? o ? 2j ? What does the answer to the last 
mean ? 3 ? What does this mean ? 6 ? - 1 ? 

2. Derive the formula for the slope of the tangent to the curve 
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10 INFINITESIMAL CALCULUS 

tion unless there should be an angle in the curve at the point Pas 
Fig. 3. In this case, the progressive iPK'j and regressive {HP) tE 
gents do not coincide. 




Such peculiar points ate not considered in this little treatise. All 
the functions are such that, for the values of the independent variable 
which are considered, the progressive and regressive derivatives are 
identical. The curves considered are all "smooth," that is, have no 
angles or sudden changes in direction. In many applications of the 
Calculus, such as to statistical or economic diagrams, it is often con- 
venient first to smooth out the curves considered. When we want to 
see from a plot of the population what is the general rate of increase, 
we draw a tangent not to the plot of the actual figures, but to a smooth 
curve coinciding as nearly as possible with the plot. 

The student will be able to satisfy himself in every particular case 
to be considered that the progressive and regressive derivatives are 

;ceive a deirimenl A'/, causing 

■ -A'. = .6C<-»'0". 
Expanding, subtracting, and dividing as before, we obtain 



Indeed, we assume in general, that it is physically impossible for 
1 body to change its velocity per saltuin. Hence the definition of 
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GENERAL METHOD OF DIFFERENTIATION 11 

Telocity given in section 6 is equivalent to the following alternative 
definition : the ultimate ratio of the space traversed just bifon reaching 
the point to the time of traversing it when the space and time ap- 
proach zero as limit. 

We shall, therefore, henceforth treat only of functions whose deriva- 
tives are continuous and which are themselves continuous, that is, 
which in changing from one value to another, pass through all inter- 
mediate values, 

15. We have seen that the conception of an ultimate ratio 
clears up the notion of velocity in mechanics and tangential 
slope in geometry. It is also applicable to much else in 
both these sciences as well as in all mathematical sciences. 
Momentum, acceleration, force, horsepower, density, curva- 
ture, marginal utility, marginal cost, elasticity of demand, 
birth rate, " force of mortality," are all examples. 

The conception of an ultimate ratio or of the derivative of 
a function is not dependent, however, on any special applica- 
tion. It is purely an abstract idea of number. 

16. Thus let two variables x andj fullil the equation 



where w is a constant and a positive integer. We may 
obtain the differential quotient -^ for any particular value 
of X, as follows : * 

Let X receive an increment A,r producing an increment of 
y denoted by ti-y. Then, by the binomial theorem, 
;■ + Aj = (^ -H A*)", 

= .a:" + «a:''-'iai -f ^^! L r -l x"-^ {Axf 

= x-" -i- nx~-' Ax + ^x' (■•■). 
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12 INFINITESIMAL CALCULUS 

Subtracting y = x", 

we have Ay = nx"'' Ax + (Ax)'' {■■■). 

Whence ^= itx"-'-^Ax {■■■), 

Ax 
where the parenthesis is evidently a finite quantity and re- 
mains finite after A^ becomes zero. Hence, when Ax 
becomes zero, the term Ax{---} becomes zero, and the 
equation becomes, 

±^vx'-\ 

17. This is the first and most important specific formula 
which we have reached for the derivative of a function. It 
states that, to obtain the derivative of*", a power of .1;, we 
need only reduce the exponent by unity and use the old 
exponent for coefficient. 

Thus the derivative of x^ is 31^. When x passes through the value 
2, ji^ becomes 12; that is, j', or j:', is increasing 12 times as fast as j-, 
~ is the rate at which jv increases compared with the tate we make x 
increase. If j' denotes the distance of a moving body from the start- 
ing-point, and X denotes the time it has moved, -j-t or 3 x^, expresses 
its j/elmity. Again, if x and y are the "coordinates" {i.i. the "ab- 
scissa" and "ordinate") of a curve whose equation iiy = a^, then 
3 A^ is its siofie at the point whose ahscissa is x. 

Although it is logically unnecessary, it is practically helpful to pict- 
ure the differential quotient as a possible velocity or a possible siofii. 
Of the two independent discoverers of the Calculus, Newton seemed 
to have employed the former image, and Leibnitz the latter. New- 
ton's term for a differential quotient was " fluxion." 

Examples. — 1. Find the derivatives of x^^, sfi, x^, x. What is the 
meaning of the answer to the last ? 

2. Bow many times as fast does y increase as x when ji = j^* and 
J- is 2? 

3. How fast docs ^ increased compared with x when ;t is - i ? 
What does the negative answer mean ? 
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GENERAL METHOD OF DIFFERENTIATION 13 

i8. The process employed in this chapter for obtaining 
the derivative of a function, is called the " general method 
of differentiation." It consists (i) in giving to the inde- 
■pendent variable a small increment, thus causing another 
small increment* in the dependent variable or function; 
(2) in writing the relation between the two variables first 
without and then with these increments and subtracting the 
first from the second ; (3) in dividing through by the incre- 
ment of the independent variable ; (4) in reducing both 
increments to differentials in the last equation. 

This process should be thoroughly mastered by the 
student, for it contains, in embryo, the whole of the Infini- 
tesimal Calculus. 

He will observe that the order of steps (3) and (4) cannot 
be inverted without producing the barren result = 0. 

19. Nevertheless, we can anticipate the result of step (4) 
without changing from the form of (a). Thus, the equation 

J' = 5 + 2 ^ + 3 ^' + 5 *^ 
yields at step {2) ; 

:^(2 + 6 .»r -M5 x^)!^x^{z -t- 15 *)(ijc)= + S (^*)'- 
It can readily be foreseen that step (3) (Le. dividing by 
^x) will remove the first b.x, and reduce the exponents of 
the powers of As^ by one, and that therefore when step (4) 
is -performed [i.€. reducing b,x to zero), all terms beyond 
the first will disappear, leaving 2 + 6a:+i5.r^ as the 
derivative. Now it is clear that this result could have been 
anticipated simply by neglecting the tertns involving powers 

* Deciementa may always bo regarded as negativ 



y Google 



14 INFINITESIMAL CALCULUS 

of Ax higher than the first, and taking the coefficient of the 
first power as the required derivative. 

Though this process of neglecting certain terms at step 
(z) is a mere anticipation of what must necessarily happen 
at step (4), it may be shown to be perfectly natural in situ. 
If A:v be less than one, (Axf will be less than Ax, and 
{Axf less than {Ax)'', etc. By making ^x snialler and 
smaller, the higher powers (AxY, (Ax)", etc., can be made 
indefinitely small, not only absolutely, but in comparison 
with Ax. At the limit, Ax becomes the infinitesimal i/x, 
(Ax)" becomes (dx:)", an infinitesimal of the second order; 
(Axf becomes (dxf, one of the third order, etc. All infini- 
tesimals are true zeros, but those of the second order are 
infinitely small compared with those of the first order, and 
those of the third infinitely small compared with those of 
the second, etc. By such comparisons we simply mean 

that ^^ in the sense of Um t^ is zero (which is evi- 

dx Ax 

dently correct, since the latter expression is identical with 

lim Ax) ; that i — i- in the sense of Hm ) — ^ is zero, etc. 

(dx)' (Axy 

The higher powers of Ax thus growing negligible relatively 
to A*, the terms in which those powers occur as factors 
must also grow negligible (provided, of course, the other 
factor composing each such term does not approach infinity 
as limit). 

Thus, if Ax is -fls, (Axy is ygj^^, and (A^y only ifrsiscfr- Con- 
sequently in the equation 

A;^ = (2-(-6a;-(-i5ai)A*4-(3-l-iS*)C^)'+S(Aa!)'. 
we can, by reducing Ax sufficiently, make the terms beyond the first 
as small as we please compared 'with the first, no matter what be the 
value of X, so long as it is finite thus keeping the parentheses finite. For 
instance, if j: be 2, we have Ay = i^Ax-\- -ij^^fj^x)^ -\- i,{Ax)\ 



y Google 



GENERAL METHOD OF DIFFERENTIATION 15 

Then, if 

Aj be .01, this becomes 

^y = 74 + 0033 + .000,005. 

If ^x = -Qor, it becomes 

Ajj- = ,074 + .000,033 + -000,000,005. 
If Ajt = .000,001, it becomes 

Ly = .000,074 + .000,000,000,033 + .000,000,000,000,000,005, 
and the smaller we make Ax, the more negligible become the terms 
involving (Aar)^ and (Aj:)', until at the limit they become, not simply 
neghgible " for practical purposes," but absolulify negligible. 

The anticipatory neglect of terras involving powers of A* 
higlier than the first often saves a great deal of labor. 
Examples. 

1. Find ^ when y = xK 

2. Find ^ when y = -fT + S J^ + 4. 

3. Find ^^ when J = 10.^1*1. 

4. Find ^ when y = ax'^ + ix". 
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CHAPTER II 

GENERAL THEOREMS OF 

20. If we differentiate 
by the general method, we obtain 

I- (.) 

Cleariag this equation of fractions, we have 

dy=i dx. {%) 

This latter equation is to be taken in the same sense as the 
former. Both state the fact that y increases twice as fast 

Now the student will object at once that, since dy and dx 
are zero, the last equation, though true, is no truer than 
dy=T,dx. 

This is correct enough, and yet we cannot employ the 
latter equation to show the rate at which y increases com- 
pared with X when^j* and x are connected by the relation 



double meaning of -^ (shown in § 4). 
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GENERAL THEOREMS OF DIFFERENTIATION 17 
The meaning lim^ is the determinate and important one 

and not ; ^■ 

lim H^x 

Although the equation dy = ^dx is true, and it may be 
written lim i^y = ^ lim Lx, 

, hmAj' ^ 

^ ^° lim Ax ■'' 

yet the left member is indeterminate, and therefore not cer- 
tain to be the same as 

Of course the vaUd equation 

itself yields in like manner 

lim \y _ 

lim A* ~ ^' 
with an indeterminate left member. But then we know 
beforehand, from actual differentiation, that 

lim ^=2. 
A^ 

Equation (a), therefore, though it does not properly lead 
back to equation (i) from which it was derived, is to be con- 
sidered simply as an elliptical form of equation (i). 

Thus, dy = bxdx is to be taken in the sense 

dx 
which ill turn means lim -^ = 6 x. 

(ix is a differential quotient and 6xdx is a differential. 
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These conceptions are aliktly correlative. To obtain the differen- 
tial quotient from the diiferential, we simply drop the dx ; to obtain 
the reverse, we add it on. 

Examples. 

1. What is the differential of j^ ? 

3. The differential quotients of x', x^", x* ? 

21. To express the mere fact that y \% z. function ai x, 
without specifying exactly what function, it is customary to 
use the letters F, /, 4>, ip (and rarely others) followed by x 
in a parenthesis. They may be regarded simply as abbrevia- 
tions of the word " function." Thus 

y = Function of x 
is abbreviated to y = P{x). 

It is to be observed that the letters F, f, 'p, i/, etc., do not repre- 
sent quantities like x and y, but, liife A and d, represent operations 
on quantities. 

22. The general expression for a function, such as -^ (x), 
is often used to express, within brief compass, any special 
function. Thus if we have the equation 



We may shorten this Xa y=^ [x) by denoting the clumsy 
right-hand member by ^ (x). 

Again, if we have a definite curve, such as a statistical 
diagram, whose coordinates we call x andj, we may use 

to express the fact that y is related to jc in the particular 
r delineated by the curve. 
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GENERAL THEOREMS OF DIFFERENTIA TION 19 

23. The differential quotient, or derivative of a function 
of X, is itself a function of *. 

To denote the differential quotient of 

we use the expression F'ipc). 
Thus let i^{x) stand foe ^. 
Then ^'(j-) stands for 6 A 

The differential of Fix) is therefore expressed by 
F{x),lx. 

34. Another method of expressing the differential quo- 
tient of 

Fix) 
connects it with the general method of differentiation. Thus, 
if X receives an increment A«, F(x) will become 

F{x + A^). 
This differs from its original value F{x) by 
F{_x + l^x)-F{x). 
The ratio of this increment of the function to the incre- 
ment Lx, of the independent variable x, is 
F{x^!^x)-F{x) 
Ax 

IK limit,™. lim^fctM^ZW. 
' Ax 

is the differential quotient of F(x} ; i.e. is 

F\i). 

The above process is identical with the general method of differen- 
tiation, though we have expressed it without the use of y. We might 
have proceeded as follows; 
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Put F{x) equal tuj so that 

y = Fix). 
Subtract this from 7 + Aj- = F{x + Six), 

anil divide by t„x, giving 

l^y ^ F{:c^Lx)~F{x-)^ 

or, at the limit 

dx Aj 

25. Yet one more notation should be familiarized. 
Rather it is a new application of an old one. Instead 
of writing ^, we may replace y in this expression by 
F{x), so that it reads 

dx 

The student will do well now to release his mind from y as any 
necessary element in the analysis. It is to be regarded merely as a 
further abbreviation of F{x). 

F{x) rather than y is to be thought of as primarily the function of 
(x). Thus, in our introductory example, instead of denoting space by 
J and writing 1 = 16 fl, we need only say if / denotes time, the function 
of I, 16/2, will denote space. 

So also if X denotes the abscissa of a curve, F(x) instead of j dc- 

Thus, i^liszx. 

or <f(x^) = 2xdx. 

Examples.— d <^i^)='> 

We thus have four methods of denoting the differential 
quotient of y, or its equal J^{x) ; viz. : 
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26. If a function of x is the sum of several functions of 

*''■'■'' j?w=/, «+/,(»)+..., 

then, since this equation holds true of all values of x, it 
holds true when x becomes x + A*, so that 

F{x^i>x)=Mx + A*)+/2(^ + A:v)+ ■■■. 
Subtracting the upper equation from the lower, and divid- 
ing by A.r, we obtain 

Fix + :^)^F(x) _ Mx + I^x)-A{x) 



or at the limits F" (x)=/^{x)+f^{x) + —. 
That is, ike differential quotient of the sum of several func- 
tions is the sum of the differential quotients of those functions. 
The same reasoning establishes the corresponding theorem 
for the difference of functions. 

Thus the difTetential quotient of j:^ + J;° is 2 j: + 3^^- 
Sometimes the theorem is used in its elliptical form 
F' (x) rfr =/i' W fl-j; +/a' W J:, + ..., 
or again F' (^) (& = lA'{x) +/■,' (_x) + -] d^. 

Examples, — Find the differential quotient of; 

1. :^-^^-xK a. 3:''-^^ + ^. 3, -x'^-i-^K 

27. If a function of x is the sum of another function of 
X and a constant quantity, i.e. if 

Flx)=/(x)+K, (1) 

where ^ is a constant, then 
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the same result as if K were not present in (i) at all. The 
proof of (2) is simple. When x becomes x + ln^x, (i) be- 
comes 

F{_x + ^)=f{x + \x)^K. (i)' 

When we subtract (i) from (r)', K disappears entirely, and 
we have, after dividing by Aa^, 

Fix ^^x)- Fix) ^ f{x + ^x)^/{x) ^ 

A* Aa: 

which reduces at the limit to (2). The same result would 

be obtained if in (i) A" were preceded by the minus instead 

of the plus sign. 

Hence, to obtain the derivative of the sura (or difference) 
of a series of terms, some of which are constants, we simply 
take the sum (or difference) of the derivatives of all the 
terms which are functions of x, ignoring those which are 
constant. 

Thus, if j = j^ + 5, ^ = 3j;^. 

Again, the derivative of 

The foregoing result is sometimes expressed by regarding 
all the terms, even the constants, as functions of x, and say- 
ing that the derivative of a constant term is zero. Properly 
speaking, however, a constant has no derivative, for it is 
not a function of x. 

Examples. — Find the differential quotient of; 
1.^+2. 3. .i2 + 3 + a^. S. j^ + j;5-H 19- 

4. Prove last by general method of differentiation. 



28. If a function of x is the produc 


t of a constant by 


another function of x, i.e. if 




F(x)=^Ji^4,(x), 


(I) 


then F'ix)==X<l>'(x) ; 


(2) 
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GENERAL THEOREMS OF DIFFERENTIATION 23 

that is, the derivative of the product of a constant by a func- 
tion is the product of the constant by the derivative of the 
function. 

Proof. — When .ir becomes jc + ijc, (i) becomes 

F(x + A;c) = Xi^(* + !^x). (i)' 

Subtracting (i) from (i)' and dividing by A*, we have 
F{x + C^x) - Fix) ^ K.l.{x + i ^x) - KMx) 

Ax a^ 

or at the limit, F'{x)= K<i.'{x). 

Corollary. — The derivative of mx" is m times the de- 
rivative of a:", as given in § i6. Hence, it is mnx""^. This 
result is so often used that it should be carefully memorized. 
When n is i, the derivative is simply m. (Show this directly, 
by § i8.) 

Examples. — DifTerentiate 

3 5 V i_v^; 

29, If a function of x is the product of two functions of 
X, i.e i£F(x)=<ii{x)ip(x), then 

F{x + Ax) = <f>(x + Ax)^{x + A*). 
Subtracting and dividing by Ax, we have 
F{x + Ax) - Fjx) ^ 'j>(x + Ax)^{x + Ax) - <i>{x)'P{x) 
Ax Ax 

The right member may be changed in form without suf- 
fering any change in value by adding and subtracting 
<l'(x)tji{x + Ax) in its numerator, giving 
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Grouping the terms according' to common factors, we 



oral the limit, F'(x) = 4.'(x)>^{x)-V>ii\x)^{x). 

Ill words, the detivative of the product of two functions is 
the sum of the products obtained by multiplying the derivative 
of each function by the other function. 
Thus d{_x^i-L\^y\_d{^) d{i + ^^) 

Examples, — 1. Find the derivative of (^1 + x^) (i — ^^) first by 
S 29 and afterwards by iiiuUiplyiiig out and then differentiating. 

ffC3^-|-4)C5 ^ + 6*2+7 -f + S), ia + i-)(,^x-+ix^+p)(_fx'^ + r). 
3. Prove § 28 by using § 29, regarding ^ as a form of <l'{x), wliose 
derivative is lero. (See g 27, end.) 

30- COKOLLARY. ~ If /"(j:) =/i(A-)/2(jr)^(j;), we may abbrevi- 
ate /.W/^W to ^W, so that 

whence ^' (:>-)=/i'(i) ^M-t- ?.'(.v)_rt(-r). 

Replacing ^(j^) by its valiie/a(i)/a(*) and 'l>'(x) by its value 

/■'(.v) = /,'W lMx)M')l + [/>'Wy=W + /3'W/2(^)]/iW 



yGoosle 



GENERAL THEOREMS OF DIFFERENTIATION 25 

By successive applications of § 29 this theorem can. be generalized 
to the product of any number of functions, and in B'ords is as follows; 

The derivative of the product of any number of functions is the 
sum of the products obtained by multiplying the derivative of each 
funtlion by the product of all the other functions. 

Examples. — Find the derivatives of 



F(^x + \x) - F{x) _ ^(x + Ax) <),(x) 



,i.(x)-<l>{x + Ax) 
Ax.j,(x)ii>{x+Ax) 

~ i <l,(x+Ax)-,t>ix) 

tli{x)fj>(x+Ax)' Ax 



That is, the derivative of the reciprocal of a function is 
minus the derivative of the function divided by the square 
of the function. 

Thus the diffetenlial quotient of — ■- is 



(3.1^)3 'gx* 3.i3 



33. Examples. 

1. Find the derivative of 
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S. Show by method of § 29, that if 



^■w- 



where the (j:)'s are omitted for brevity. 

3. Prove the same theorem by applying results of §§ 29, 31, after 
throwing £ in the form * ■ — 

33" We may interject here an application of the result of § 31 
to generalizing the theorem of § 16. The differential quotient of 3^ 
was there obtained only under the restriction that « be a positive 
integer. But if h be a negative integer, — m, then x" becomes . — The 
differential quotient of which is 



which reduces to — mx~"^~'^ or «jv"" '. 

That is, the restriction imposed in § 16 that n must be 
positive, may be removed. 

Examples. 

1. Differentiate x'K 2. Differentiate 33-1. 

3. Differentiate -i- 4. Differentiate -i^. 

34. If we wish to differentiate the quotient of two func- 
tions as - ^ ■^, we can do this by combining the results of 

■Aw , , 

§§ zg and 31, for the quotient may be wntten ^{x) ■ —-—• 

Thus, the diiTereiitial quotient of """ ^^ is obtained by writing it 
(I + x^) — '—^- Applying the theorem for products, we get 



n readily be reduced. 
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If the student prefeis, he may simply inemoriie the result of example 
2, § 32, and apply. 

35. If 3 is a fimction of y, and y of x, an increment \x 
qIx produces Aj^ of/, which in turn produces is of s. 

Evidently ^=^.kL. 

Ax Ay Ax 

Hence at the limit ^ = ^ .^. 
(& dy dx 

This may also be expressed : . 

If .F(») -+(/(»)), 

then y'(»)=*'(/W)/'W- 

It must be carefully noted that p'i/^x')') means the derivative of 

•p(/(lx)), Bij/with respect to .t, but with respect to /(j;). It is — not 

^ or .«in -.t i, '^*(/W) not ^*C/(£» ''^ 

^. or again it is ^^^^^ not ^ ■ 

In words, the derivative ivifA respect to x q{ 3. function of 
a functioa oix, is the derivative of the former function with 
respect to the latter, mulfiphed by the derivative of the latter 
with respect to x. • 

Thus, if y = (i+j:^)*, -i- may be found by denoting (l-l-ar^) by lu, 
and then finding -^ from y=vfi, and — from lu^l+j;^. Whence 

= 3(1 +*')■"■ 

iS quite unnecessary, and the student should learn 




Employing the elliptical notation of differentials, the pro- 
cess is even more easily remembered and apphed. The 
differentia! of ^(/(a;)) is 

d<\.{f{x)) or .^■{J{x'))df{x), or ^ '(/(*))/ C*)-^-*- 
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That is, we first differentiate treating "fix) " as a single 
character, and our result contains dfi^). We then perform 
the further differentiation indicated by this df{x). 

Thus, «■(! -f ^)« = 3(1 + ^yd{i + ^) 

= 3(1 + ^)^2^^, 
where "(i + x')" is first kept intact as if it were not a combination 
of syinb ba a ng awkward symbol. 

36. E-CAk PLE 

1. D£fe n a 4 4-^')=. 

2. Dff ntia 7 + ^)^- 

3. Dff ntia z +aj: + a")'. 

4. D a n e c^ - 2)-*. 
6, Dff 1 



^ + i)« 



2 rs + 3 ^3 f 4)3 

7. r ff n a e fl *(l + ^')-^ + c{i + ^0' + *(! + -"■'^)^- 

8. Dff 

('(""+"+ '>■ + iJ^i-TT)-.)'" ^ -'"■ + " + "■'■ 

37- If we have 

-PM = 0(f[/W]) 
by subslituting S(-r) for ^[/(j-)] and applying § 35, we have 

Subslilutiiig for f its given value and for J' its value as obtained by 
§35, we have ^,^^5^ ^/(^[-^(^j^j^-^^f^jj^pf^j^ 

and so on for any number of functions. If we, use differentials instead 
of differential quotients, we have 

'^{*lC*'![*3C-)])}-*l'''*2 
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1. yinii the derivative of 

4{j(r + ^y- + 3(1 + x'-ff + 5 {3(1 + x^y + 3(1 + x"-y}\ 

2. Differentiate {a ■\-\b ■\-{i: -^ k^)^ff- 

38. The results of this chapter may be thus summarized : 

■■ ■'"<-> ^f'-^-^ =/.-w±/.'w± ■■■■ 



■^W(Xa^))] 



= *'«*)]/'(«)• 
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CHAPTER III 

DIFFERENTIATION OF THE ELEMENTARV FUNCTIONS 

39, We have learned (§§ 16, 33) that the derivative of 
a:" is ywc"~', where n is any integer, x" is tiie elementary 
algebraic function. 

We have now to differentiate elementary functions called 
"transcendental," To do this we recur to the general 
method of differentiation. We first take up tlie trigono- 
metric functions. 

40. -^(^'"-^i :=lim "'"^-^+ '^-^^ "^'"^ 



-„ becomes unity at the limit when ^x becomes zero, and 
- becomes zero. 



s therefore ^^, 
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When BA becomes zi 

that lim^=l, and lim- 

BA 
ing hints : 



, CA and BC become zero. The proof 
■ = o, is left to the student with the follow- 




which approaches I as limit. 
, which approaches o x 
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« = log (I + 5), 
,.^ log (1 + 8) , 



log{(l + 5)n 

The limit of (r + «)«, when 3 becomes zero (which evidently occurs 
when Aj: becomes sero) is 2.71S approximately, and is called s,* 

•This fundamental magnitude may be pictured as follows: Suppose 
interest is at 4% corresponding to "25 years purchase." Si co™- 
pounded j'^flf'/l' for this 25 years amounts to (1.04)^. Compounded 
half-yearly for the same 25 years, it is (i.oz)^; quarterly (l.oi)'"i>; 

daily (1 + jj^^J^J""; mom/»tly, lim(i4-5)^ or e. Thus e is 
simply the amount of (t i at conlinuous interest during the "purchase 
period." This is S2.718, whereas with quarterly compounding the 
amount would be S 2.705, and with yearly, ? 2.666. 
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Hence at the limit, 

dx log e 

This result is independent of the system of logarithms. It is true 
of " common logarithms." If we talie e as the base {i.e. employ the 
Naperian system), then log e= i, and the result simplifies to 

Henceforth we shall denote common logarithms by 
" Log " and Naperian logarithms by " log." Aiiy other sort 
of logarithms will be denoted by " logj," where the subscript 
^ denotes the base of the system. 

[verse functions of tliose just eon- 
e arc whose sine is x (sometimes 



= Vl-5i 



But — is the reciprocal of -J-, since these expressions 
liiniting values of - and —^, which are reciprocals. 



rf(a 




iX) 




<fx 




^(a 


re CO 


s^> 
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46. If J = logj;, then x = ii", where b is the base of the systen 

Hence ^-^mXa^ib-^— 

dy log(,e 

But logs * = 1. 

Hence ii ■=!,■» -L- 

dy logse 

logif 
Hence S = ^' 

This is iniiependent of the particular system of logarithms. 
If * = e, then logjf = 1, and the result simplifies to 
dy I , dx 

47* We may now still further generalize the theorem exptesse 
§§ '6, 33. The number » has been restricted to an integer. Bi 
y = 3?' where « is any real tiumiir, 
then logj' = Blogj:. 

Taking the differential of each side, 
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That is, the restriction, of §§ i6, 33, that n must be an 
integer is now removed. It may be a fraction, an irrational 
number, or any real number whatever. 



EXAMfLES. 

1. What is the differential quotient of 

^* ^* ^i ^~^, V~x,x~'^.^-i 



2. Of vTT-t^, {x^ - 1)1 V" + '^ "^ + '■•^'i' 

48. The results of this chapter may be thus summarized : 



Direct FuNcnows. 


INVEKSE Functions. 


d{x^')^ mf-^dx. 




d{m^) = tnnx''~''4<f 




d(5mx)=cosxdx. 


Vi— ^^ 


rf(cos:r)-- sin *«■:«. 


rt'farc COS x) = ~ ^ ■ ■ 

Vl — A'^ 


ditaiix) -^^ ■ 


^(»"")=7TJ-- 


<cot.) = ^. 


d(3,rccoix)=^-~- 


Log^ 


rf(Log«)=^'Log» 


= a' log adx. 


«;(iog«)=— ■ 
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No function inverse to k^ (or to the more general form 
mx") is given, since in this case the inverse is identical in 
form with the direct function. 

(Thus, if / = x", x~y" =_v'"t a form identical with x", its invetie.) 



Examples. 




Differentiat 


3 sin X. 


Differential 


I -asinj: + ico 


Differentiat 


2sinj:cos:c. 


Dlfferentiat 


sin^tan:r. 


Differentiat 


cot;r-f.c2cosa:. 


Differentiat 


log^ + fan^cos 




j^fl'. 


Differentiat 


iaXo^x-bx'^^ 


Differentiat 


sin 3^. 


Differentiat 


cos-t^. 


Differentiat 


tan(l +-r + :t2) 
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CHAPTKR IV 

SUCCESSIVE DIFFERENTIATION — MAXIMA AND MINIMA 

SO. The derivative oi 2 x^ is, as we know, 8 :>?. The 
derivative of 8*' is, in. turn, 2^x^. The derivative of a 
derivative is called the second derivative of the original 
function. 

When Fix) stands for the original function, and F'ix) 
for its derivative (to avoid nnisiinde islanding we must now 
call it the first derivative), then F"(x) denotes the second 
derivative, and F"'(x) the third derivative {i.e. the deriva- 
tive of F"{x), etc. 

Again, if we use the notation -j- for the first derivative. 





,m 


the second derivative is evidently _V££/^ which is usually 
abbreviated to ^ ; likewise the third or —^^ is written 


<?, and s 


o„ntog,3,etc. 



51- Examples. 

1. What is tVie third derivative of jr^? 
3. What are the 3d, 3d, 4th derivatives of .i^? 

3. Differentiate successively a j^. When, if ever, will the answers 
become zero ? What sort of a number must n be to bring about such 
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4. Differentiate succeasivelj' sin^. 

6. Differentiate successively tanj:. 

6. Differentiate successively a". 

7- Differentiate successively arc sin x. 

8. Differentiate successively arc tan j. 

9. Differentiate successively \a%x. 

52. Just as the first derivative threw light on the problems 
of velocity, tangential slope, etc., so the second derivative 
will illuminate acceleration, curvature, etc. 

We have seen that if for a falling body s= id t^, then 

whence 'd^^^^' ''^■* 

We may understand this result better if we designate — 



by V. as ir 


§ d, so that (i) becomes 
v=-x,2t, 








«' 


and (2) 


dt ^ ' 








(2)' 


where ^ 
(it 


s evidently simply 










for both a 


re mere abbreviations of 

dt 










What does equation (2) or (2)' mean 


dv 
dt 


means 


the rate 


at -which the body is gaining speed. 


It 


is clear that 


moving 
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bodies do gain or lose speed, and that some gain or lose 
faster than others. 

The gain or loss of speed has nothing to do with how fast 
a body is going. A slowly moviDg body may be gaining 
speed very fast, while a fast moving body may not be gain- 
ing at all, or may even be losing speed. 

If we use the term velo to indicate a unit of velocity, or 
one foot per second, we know from (i) that a body which 
has fallen 2 seconds has then a speed of 64 velos, while at 
the end of 5 seconds its speed is 160 velos. Here is a gain 
of 96 velos in 3 seconds, or an average of 32 velos per 
second. 

This does not, of course, imply that the body had gained 
at the rate of 32 velos per second all the time. But equa- 
tion (z) tells us that this is the case. A falling body on the 
earth is constantly gaining velocity at the rate of 32 velos 
per second. 

Rate oi gain of velocity is called acceleration, and we see, 
therefore, that a falling body is a case of " uniformly accel- 
erated motion." 

Observe that the acceleration ot rate of gain of velocity expressed in 
31 velos pet second, cannot be expressed as any number o( feet per 
second. On the contrary, substituting for the word "velos" its defi- 
nition " feet-per-second," we see that 32 velos per second is 32 feel fer 
ucond per second. 

If the distance a body moves in time ; is not 16;^, but 10/", then its 
velocity is Tpfi, and acceleration 60/. In other words, its acceleration 
in this case depends on the time. If the tiody has fallen 2 seconds, its 
acceleration is 120 velos pet second ; if 3, 180 velos pet second; etc. 

53. If Fix) expresses the ordinate of any point on a 
curve when the abscissa is x, we have seen that F'ix) 
expresses the tangential slope at that point. What does 
F"{x) represent? Evidently the rate at which that slope is 
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changing at that particular point as x increases. It denotes 
what we may call the curvature at that point with respect to 
the axis of x. 




Curvature, however, is Ubually measured with respect to 
the tangent itself. The expression tor this, the more proper 
sense of curvature, is somewhat more complicated. At a 
point when the curve is horizontal the two sorts of curva- 
ture are identical, 

54. When the curve is horizontal, the slope of the tan- 
gent ^'(jc) is, as has been seen, zero. But the curve may 
be horizontal at three sorts of points : 




and D (Fig. 6), or a minimum as at C, or a horizontal point 
of inflection as at B. 

A maximum point on a curve is a point such that the 
ordinate, or y, of that point is larger than the ordinates of 
points in its neighborhood on either side. (The phrase 



y Google 



SUCCESSIVE DIFFERENTIATION 41 

" points in its neigliborhood " means all points on the curve 
within some small but finite distance on either side.) A 
minimum point is one whose ordinate is less than the 
ordinates in its neighborhood on either side. A point of 
inflection is one where the neighboring parts of the curve 
on opposite sides of the point are also on opposite sides of 
the tangent as at B in Figs. 5 and 6. 

In the neighborhood at the left of a maximum the slope 
of the curve is positive, while on the right it is negative. 
For a minimum, the slope is negative on the left and positive 
on the right. For a horizontal point of inflection, the slope 
is positive on both sides or else negative on both sides. 

It is to be observed that a curve may have mote than one miiimum 
or minimmn, and that a maKimum ordinate does not mean the greatest 
ordinate of all, but only the greatest in Us neighborhood. Thus the 
ordinate at iJ is a masimum, though that at A is larger. 

55. Dropping the symbolism of the curve, it is clear that 
when a function Fix) reaches a maximum or minimum, then 
F'(x)= O) for F'ix) represents the rate of increase of F(x), 
and at a maximum or minimum this rate is zero. 

But if, conversely, we have ^'(*)=o, we simply know 
that for that particular value of x which satisfies this equa- 
tion F(x) is not increasing nor decreasing. We cannot tell 
whether it is a maximum or a minimum or an " inflectional 
stationary" value {i.e. one such that F{x) will increase for a 
change of x in one direction and decrease for a change of * 
in the other direction). 

56. Now these questions can be settled by recourse to 
the second derivative, provided this is not also zero. 

If the second derivative be positive, the function is a 
n ; if it be negative, it is a maximum. This will be 
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clear if we remind ourselves of the meaning of the second 
derivative. It indicates the rate of change of the slope. If 
positive, it means the slope is increasing ; if negative, it 
means the slope is decreasing. 

If, therefore, at a point where the first derivative or slope 
is zero, the second derivative or "curvature " (§ 53) is posi- 
tive, we know that at that point the slope is increasing. But 
as its present value is zero, it must be changing from a nega- 
five to a positive value. This can evidently only occur at a 
minimum. Per contra, if the second derivative is negative, 
it indicates a slope growing less, i.e. (as the slope is now 
zero) changing from positive to negative. This evidently 
occurs at the maximum, and nowhere else. 

Thus, take the function j^-a;^. This has for first decivative 
3j~' — 27, and for second derivative dx. Putting the first enptession 
equal to leto and solving, we find a: = ifc 3 ; that is, the function 
ii*— 27* has two points at which it is stationary (or the tangent is 
horizontal), where a; is 3, and where ar is — 3. The first of these is a 
minimum, and the second a maximum ; for the second derivative hx is 
positive for j; = 3, and negative for j; = — 3. 

57. The exceptional case mentioned in § 56 (viz. where 
the value of x, which renders the first derivative zero, also 
renders the second derivative zero) seldom occurs in 
practice. When it does occur, we cannot decide the nature 
of the function for that point, without recourse to the third 
derivative. If this be positive, the function is neither at a 
/ maximum nor minimum, but at a hori- 

-— ^ zontal point of inflection, as at ^ (Fig. 

/"^ 7), when, for an increase of x, the 

Fig. ;. function was increasing, both before 

and after the point. If, on the other hand, it be negative, 

the function is at a horizontal point of inflection as at B 
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(Fig. 6), when the function was decreasing both before and 
after reaching this point. If, finally, it be zero, we are again 
left in the dark as to the nature of the function, and must 
proceed to the fourth derivative. We einploj' this just as if 
it were the second. If it turns out zero, and forces us to 
consider the fifth, we employ this just as if it were the third, 
and so on. 

That is, as long as the successive derivatives turn out zero, 
we go on until we find one which is not zero. If this deriva- 
tive be of an even order (J.e. 2d, 4th, 6th, etc., derivative), 
we know that the function is either a maximum or a mini- 
mum, and is the one or the other according as the derivative 
in question is negative or positive. But if the derivative 
which does not vanish is of an odd order {i.e. 3d, 5th, etc.), 
we know that the function is neither at a maximum or mii 
mum value, but at a point of horizontal inflection and 
increasing or decreasing according as the derivative is po 
live or negative. 

58. We shall not devote the requisite space here to proving the 
truth of the last section in full, but shall merely indicate the first step, 
leaving the student, if lie so desires, to extend the demonstration. 

Suppose in testing the function F'ix) we find for the value of x 
which renders F'(_x)= o, that F"(x) is also zero, but F"'{x') is posi- 
tive. Denoting this value of x by xi, we may state the problem as 
follows : given 

/■'(^l) =0, 
^"(^0=0, 
F>"{^{)>o, 
to discover the nature of F(x\). 

We shall solve this by reasoning from /'"' successively back to F", 
F; and F. 

Since F"'(x\) is positive, it shows that F"(x) is increasing as x 
A as F"(x{) is zero, the fact that F"{x') is increasing 
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shows that it was negative before reaching F"{x\j and positive after. 
This is our conclusion for F". 

Since F"{x) was negative before reaching F'>(x\) it shows that 
F'i-i) was iAen decreasing, and since F"{x') was positive afterward, 
F'(x) was /hen increasing. 

But, if F'i^) is zero at ^'(^i) and was decreasing before and in- 
creasing after, it must have been positive both before and after. This 
is our conclusion foe F'. Since F' is positive both before and after, 
it shows that Fix") was increasing both before and after, and is there- 
fore not a maximum, but a horizontal point of inflection. 

Thus let F(x) be 

Then /"' is 4^ - 12 j: + 8. 

Then ^" is 12^^- 12. 



riie roots of /^' = o are 1 and - 2. For x = i, F" vanishes, but 
' is positive. Hence we know that i^ or j:* - 6a= -1- 8 .e+ 7 is at a 
ionary inflectional value increasing on either side, as x increases. 
But for a^ = — 2, F" is positive. Hence for this value of j, f is a 



59. Examples, —1. Find ir 
a. Findm 



or minimum value of jc^. 

■f 3^-27^. 
iueof 2Jr2 + jr + i. 
of j^- 12^ + 6. 
of 2J^ + 6j:2 + 6^ + 5- 
of :rS-2a^ + 3J^-4. 



3. Find 

4. Find 
a. Find 
6. Find 

T. What is the nature of j^ - 24x2 + l6.c + lofor j^ = 2 ? 

8. What is the nature of j;* 4- 4^ - ^.r* - 20J^ + 17 for j; 

60. If F{x) is of the form '\>{x) -y K, where K 
constant, then the same values of x render F{x) 
mum or minimum as render <^{x') 
respectively. 
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For the nature of F{^x) or of ■^{x) as to maxima and minima de- 
pends exciuaively on the nature of their derivatives, and the deriva- 
lives of these two fnnctions (viz., *(^)+ K and ^{x)) are evidently 
identical. 

Thus to find the value of j^ to render 



61. If ^(*) is of the form K4,{x) when ^ is a. positive 
constant, then the values of x which render Fipi) a maxi- 
mum or minimum are the same as those which render ^(x) 
a maximum or minimum respectively. 

\i F{x') = K-^ix) where X is a negative constant, then 
the values oix which render Fix) a maximum or minimum 
are the same as those which render ^ix) a minimum or 
maximum respectively. 

For the successive derivatives of these two functions (vi^., K4.{x) 
and^M) are 

A-^'-W and *"W, 

and evidently the very same values of x will make the two first deriva- 
tives zero, and, if K be positive, will make the two second derivatives 
of the same sign or both lero; but if A" be negative, will make them of 
the opposite sign or both zero. Similarly for the two third derivatives, 
etc. Since the natures of i^ and of ^, as respects maxima and minima, 
depend exclusively on the signs ( + , — , or o) of their derivatives, 
the theorem is proved. 

Thus, to obtain the value of j: which will make 

a maximum, we drop the constant factor (which is evidently positive) 
and End out which values of x make x^ — 
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Examples. — I. Interpret the theorems of §§ 60, 61 geometrlcidly. 
2. Find maximum or minimum of 5(1 + 4r + j^)+ 10. 



3. Findni 

4. Find n 






62. The subject of maxima and minima is one of the 
most important in the Calculus, and has innumerable apph- 
cations in Geometry, Physics, and Economics. 




Let ABC (Fig. 8) be any triangle, and EFKII a rectangle in- 
scribed within it. This inscribed rectangle will vary in size according 
to its portion. If too low and flat, it is small. If too high and thin, 
it is also small. Between these positions there must be a position of 
maximum, where the area is the largest possible. 

Now its area is the product of the base HK or EF by the altitude 
DM, and the problem consists in discovering where EF' DM is a 



To do this, we must first e>:press BF and DM in terms of some one 
variable. Out of the many possible {e.g. BH, BUT, AE, FC, EH, HK, 
etc.) we select ^<)/, and denote it by .r. We call AD = k and BC=a. 
Evidently MD = h--x. To express EF in terms of x,viC proceed as 
follows : The triangles AEF and ABC arc similar, so that their bases 
and altitudes are proportional. That is. 



AM_BF , 



_EF 
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Consequently £F X DM ~{h. - x)~ 

We wish to know for what value of x this e> 
We may omit the positive constant factor -r, lea 
{h-x)x ox /ix-x\ 
the first differential of which Is h ~ zx. 



the required answer. 

We are sure it js a maximum and not a minimum or stationary in- 
flectional value, since the second differential is — 2; i.e. negative. 

We have learned, therefore, that the maximum rectangle inscribed 
in a triangle is that whose altitude is half the altitude of the triangle. 

In physics many important principles depend upon max- 
ima and minima. Thus the equilibrium of a pool of water, a 
pendulum, a rocking chair, or a suspension bridge, is deter- 
mined by the condition that the centre of gravity in each 
case shall be at the lowest possible point. 

In economics we have the principle of maximum con- 
sumer's rent, of maximum profit under a monopoly, etc. 



be divided so that the product 
Find the length 



63 


,• Examples. 






1. 


How mi 


.St a given . 


.traight lin 


e be 


of its 


two part 


3 shall be a n 


iaj;imum ? 




2. 


"A wall 


27 feet high 


is 64 feet 


from 


of the shortest ladder that will reach the ht 


grour 


id outside 


i the wall." - 


-Bytrly. 




3. 


Find the 


■- maximum c; 


blinder ins. 


Dribed 
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6. A cylinder of revolution has a given diameter. What altitude 
must it have in order that it may have the least total area in propoc- 
tion to its volume ? 



HlNT.-Expre; 


■& volume and total ac 


ea in ti 


irm! 


s of the variable alti 


:le J-, and the co 


(istant radius r. Thei 
total area ;„ . _ 


(.find' 


ivhe 





6. A house stands on a horizontal plain ; how far from it must a 
man stand in order that the length of an upper-story window may sub- 
tend the greatest angle at his eye ? The length of the window is 
given and its height from the level of the eye. 

t. If the price, f, of an article is tijied and the cost of producing it, 
for a given individual, is a function Fix), of the quantity produced 
X, how much must he produce to tnake his profit xp — F(x), a max- 
imum or minimum ? Express this result in words. What condition 
must Ffx) satisfy that the profit may be a 
mom ? Express this condition in words. 
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64. We know that certain functions can be developed iti 
terms of powers of variables. Tiius {a + xf becomes by 
the binomial theorem 

c* + 4 a^^ + 6 a^x' + 4 ax= + x*. 

Again, by simple division, we may show that 

Now the Calculus supplies a nrach simpler and more gen- 
eral method than algebra of developing functions in series 
of this sort. 

Thus, let ^(*) be any function of x developable in the 
form 

where a, A, B, C, etc., are constants, and the series con- 
verges. We shall show how to express the " undetermined 
coefficients " A, B, C, etc., in terms of the single constant a. 
By successive differentiation, we have * 

*'(») = i; + 2 C(«-o)+3i3(» -«)■+■.. 
*»- +2C +s ■3«(«-<.)+.- 

etc. 
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Since these equations (and the original from whicli they 
^e derived) are true for any value of x, they are true when 



They then become 




.i.{d)=A, 


.- A = <j>(a); 


<l>'(a)^ i-Ji, 


B = ^'{a); 


<l>"(a)= I ■ 2 C, 


^_0"W. 


.^"'(«)=l-2.3A 


3 ■ 


etc., 





where 2 ! means i ■ 2 anrt 3 ! means 1-3-3, c''^- 
Substituting these values of A, B, C, D, etc., we have 

65. This series, which is "Taylor's theorem," expresses 
the magnitude of the function ^ for any value of x in terras 
of its magnitude and that of its derivatives for any other 
value of X. 

Thus if we could write down some exact fomiula y^^i (j) for the 
population (^y) of the United States in reference to the time {x) 
elapsed since, say 1800, Taylor's Theorem tells us that we could get 
the population in 1900, ^ {x), merely from data of the census of 1S90. 

As a first approximation we take the population of 1 890 itself, ^ (o). 
But, as the population has not remained stationary, we add a correction 
for the increase within the decade. 

This increase we first assume to be (^ - n) ^'(a), i.e. the' rate of 
increase known to exist in 1890, ^'(a), multiplied hy the time between 
the two censuses (^ — o). But since the rate of increase (by which is 
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TAYLOR'S THEOREM 
many thousand eouIs pet yi 
ined stationary, we add anotlit 
in the supposition that the rate of 



the percentage rate) 
of 



increase of the 
in iSgo has remained 
take into account the 
:e of increase of popu- 



increase of population, ^"(a), known to exif 
constant until 1900. Not content with this, v 
rate of increase of the rate of increase of the 
lation, and so on. 



66- Geometrically, the theorem states that the ordinate 
of any point of the curve y= <lt(x) can be obtained from 
the ordinate, slope, " curvature," etc, of any other point. 




Thus, OB (Fig. 9) is x and BD, <!>(x)\ OA is a and AC, 0(a). 
The theorem tells us that the ordinate of the point Z> can be ascer- 
tained purely from the data as to the curve at C, vh, its height, the rate 
at which this height is increasing {i.s. its slope), the rate at which this 
slope is increasing {i,e. its "curvature" (§ 53)), the rate at which 
this "curvature" is increasing, etc., etc. In fact, the theorem states 
that the ordinate DB is the- sum of various magnitudes; first, *(a), 
which is represented by 58 (for this is the same as CA); secondly, 
(x - a)4i'(fl), which is represented by 38' (for ^ is the slope of the 
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curve at C, and so = ^\a), hence 85' ^ C3 X 0'(o) = (* - a) *'(<!)) ; 
thirdly, (^— ") "^ t"} ^ which ia represented by 3'5", when 3" is reached 
by drawing the curve CS", which has the same curvature as the prin- 
cipal curve CD has at the point C, but retains that "curvature" (with 
respect to the j;-axis, see § 53) Ihroughout; that is, we approach D by 
adding successive corrections. 8 is the position D would have had if 
the ordinate of the curve had remained unchanged from C (so that the 
curve would have followed the horizontal CS); S' is the position D 
would have had if the rate of increase of the ordinate, i.e. the slope 
of the curve, had remained unchanged from C (so that the curve would 
have followed CS') ; S" is the position D would have taken if the rate 
of increase of the slope had remained unchanged from C (so that the 
curve would have followed CS"), etc. 

67. If we take the point E instead of C, so that a = o, 
Taylor's theorem reduces to the simple form 

^. («) - * (o) + *' (o)* + ^^^^ + ^-'^^ + etc. 

This is Maclaurin's Theorem. 

The student will observe that ^(o) is by no means itself zero. It is 
simply that particular value of il>(x) obtained by putting x = o. Thus, 
if ^ (x) is .13+ 2*3 + 117, ^(o) is 117. 

68. A second mode of stating Taylor's Theorem, and one 
often ineE with, is obtained by denoting the difference of 
abscissas x — a by k, and replacing x hy a + A (for, if 
X — es =^ k, X = a ■}- k), so that 

or, changing our notation from a to x, 

^(x + A) = ^(x) + ,l,'(x)A + ^"(*)^+ ..., 

where x now refers to the abscissa of C instead of that of D. 
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The student will also sometimes see the theorem expressed 
in the same form, but with y employed in place of k. 

69. There are many applications of Taylor's theorem in 
economics. Cournot in his Prindpes Mathemaiiques makes 
frequent use of it, as does Pareto in his Cours d'economie 
politique. 

When A is a small quantity, as in some of Cournot's cases 
of taxation, then the higher powers of h may be neglected, 
and we have the approximate formula 

^(x + h) = ^{x)^h^'{x). 
This is assuming that if the interval AB is very small, the 
point S' will coincide approximately with D. 

70. It will be observed that an hiatus was indicated 
in the demonstration of Taylor's Theorem. This means 
that it is not always possible to develop ^{x) in the series 
proposed, and that the attempt to do so will give a diverg- 
ing or indeterminate series. 

It is impossible in so elementary a treatise as this to indi- 
cate in what cases Taylor's Theorem is applicable. The 
subject is one of great difficulty, and some of the most im- 
portant conclusions relating to it have only recently been 
discovered. 

71. To show the application of Taylor's and Maclaurin's 
theorems, let us use them to develop the function {a + x)', 
assuming it developable. Since ^(x) = {a -f-a;)", 

r(x) = «(n-i){^ + xr-\ 
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Hence <^{a)=a'', 

<(o)=«(«-iK-^ 

etc. 
Sence 

*(*)- ^(o)+ ,^'(o);k + *^V ... 

= «■' + na'^-^x + ?i'^ . r- . ^)? - " .. y + . . ., 
L result which we already know by the binomial theorem. 

Again let us develop siiijr, assuming it developable. 

Since 0(jr) = siiijr *(o) = o, 

^'(a-) = cos.c *'Co)= I, 

«"(.r) = - sill ^ 0"Co) = O, 

^'"C^) = -cos^ 0"'(o)^-.. 

Hence 



Again let us take ^ _], ^ { 
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73- Among other important uses of Taylor's and Maelaufiii's theo- 
rems are the evaluations of the fundamental constants e and tr. 
To obtain e, we develop the function C\ 

*'W=^, 0'(o)=l, 

4,«{_X)=1'; ^"(0)= 1, 

Since ^(^)= $(o)+ ^'(o)^ + *-J^'^- + fUlS^J^^ ..., 

we iiave ^=' + -^ + T"''f["'' "'" 

If, in this equation, we put j- = i, we have 

2 3! 4! 
from which s may be computed with any required degree of approsi- 
xnation. ^ = 2.71838 ■-. 

To obtain ir, develop are tan x. 

#W = arctan^, *(o)^o, 

If ^ be less than unity, we know by algebra that 

Hence <^'\x) = -ix + 4i5- 6j[» + -.-, 0"(o) = o, 

*"'(.c) = - 2 + 3 . 4i<^ - 5 ■S.r' + -, 4"'(o) = - 2. 

^"'(jr)= 2 . 3.4:i- - 4- 5 ■^■*^ + -. 4™(o) = o. 
0"(ar)=3.3.4-3-4'5-6^''+ -. *''(o) = +4l. 
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)c — , so that aic tan x, the art whose tangent is — -, i; 
■e of thirty degrees) . The preceding equation then beconi 

^ V3 3(V3)^ 5(V"3)= 

v^L 3 '3 5 '3^ 1-f J' 

. = 2V3ri--^ + -^^- -.+ -1 

L 3'3 5 ■3'' 7 '3^ J 



3- Examples, 








Develop (^-^)-^ ins 


ries of asc 


nding posve 


sof ^. 


Develop ^Ja — x. 








Develop coSJ:. 








Develop log (I + J-). 








Develop tf"^". 








Develop ^. 








Develop \ i^ - e-^). 








Develop are sin a:. 
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CHAPTER VI 



74. We have thus far been occupied with the derivation 
from F of F', F", etc. But it is possible to reverse this 
process, and, given F'", or any other derivative, to pass back 
to F", F', F. 

F'(x) was called the derivative of F{x) ; we now name 
F(x) the primitive oi F'(x). The first process of obtaining 
F' from F is the subject matter of the differential calculus, 
of which the preceding chapters have treated. The process 
of obtaining F from F' is the subject matter of the integral 
calculus. 

75. In the differential calculus, we saw that the result of 
differentiation was expressed either in the differential quo- 
tient F\x), or in the differential F'(x)dx. In the integral 
calculus it is customary to employ only the latter form. We 
called F'(x)dx the differential of F(x) ; we now call F(x) 
the integral of F'{x)dx. We obtained F'{x)dx from F{x) 
by differentiation. We obtain F{x) iram. F'{x)dx by inte- 
gration. The symbol of differentiation was d; that of in- 
tegration is I . 

Knowing that d{x'')= 2xdx,v/Q may write j 2xdx = x' ; 
or again, since 

dF{x)=F'{x)dx 
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expresses in the most general manner the process of the 
differential calculus, 



^F'{x)dx - F{x) 



expresses the process of the integral calculus. Both equa- 
tions state the same fact looked at from opposite directions. 
The former equation reads, " the differential of P{x) is 
F'{x)dx"; the latter may be read, "the function-of-which- 
the- differential- is F\x)dx is F(x)," for the hyphened words 
are what is meant by "integral of." 

The simplest form of the above equation is \ dx — x. 

76. The symbol 1 was originally a long 6',^which was the old 
symbol for "sum of" (to-day it is usual to employ the Greek 2 instead). 
Integration was looked upon as summation, dy being the limit of 
Aj, and Ay being a small part of y, the differential dy was conceived of 
as an infinitesimal part of y. An infinite number of df?, were thought 
of as making up the /, 

77. As dia?) = 3 a^" dx, it follows that 

I 3 JC^ (& = x^. 
But dix" -J- 5) = 3 xVj: ; 

hence \j,x^dx = x?\'^; 

that is, the integral of 3 x^ dx (or the primitive of 3 a^ may be 

.k" or A-^ + 5, and evidently also .r^ + 1 7 or .k^ -1- any eonstant 

whatever. In general, | F'{x)dx is F{x) + C, where C is 
any arbitrary constant. For the latter expression differenti- 
ated gives the former (§ 27). 

An arbitrary constant (usually denoted by C) musl there- 
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(ax'^dx = 


^fTT+^' 


provided n is not 


--I. F( 


Dr the differential of — 



vidently ax^dx provided n 4- 



s not 7,ero ; i.e. provided 



The rule, therefore, for integrating the simplest algebraic 
function is to increase the exponent by one, and divide the 
coefficient by the exponent so increased (and then, of 
course, to add an arbitrary constant). 



I- 



. )»■+<;. 
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81. It may seem at first that a result involving an arbitrary 
constant can be of little use. But this is far from true. 
Though we cannot determine the arbitrary constant from the 
given differential, we may have, in any particular problem, 
information from some other source which will enable us to 
determine it, and often, as we shall see, we do not need 
to determine it at all. We may interpret the constant C 
geometrically by plotting the equation y — F{x) + C. To 
know F'(x)dx or F'{x) is to know the slope of the curve 
for any value of x. But evidently the slope of the curve 
does not determbe the curve ; since, if the curve were 
shoved up or down without change of form, it would have 
just the same slope for the same value of x. The constant 
C has to do with the vertical position of the curve. It has 
nothing to do with its form. 

82. We may profitably follow the plan adopted in intro- 
ducing the differential calculus, and begin by considering a 
mechanical and a geometrical application. 

We have seen that, knowing a body falls according to the 
law J■=I6^'^ (i) 

we can show that its velocity at any point is 
ds 

Suppose, however, we only know that a body acquired 
velocity according to law (z), can we pass back to law (i) ? 
As has been said, in the integral calculus it is customary to 
use the differential form to start with. Accordingly, we 
write (z) in the form 

lis =^T,2 I df. 

Integrating, we have 



(2) 
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Now, although equation {z) with which we started does 
not enable us to judge of the value of C, we may evaluate C 
from outside data. 

Thus if we know that s is measured from the point at 
which the body started to (all, we know that when / was zero, 
s must have been zero too. 

Putting J = o and ;"= o in (3), we have 
o = o + C, 



After substituting this value of C in (3), the equation 
takes the definite form 

J = 16 ;■'' 

83. Of cout-e, C IS nrt alwi^s zto In fact, Ln the above ex- 
ample, we might reckon the distance ! of the falling body not from 
the point where it started, but from a point 27 feet above. We then 
know that when 

; == o, J = 27. 

Substituting in (3), we have 

27 = o + C or C=2l, 
and (3) now beco 



■ i6;'^ + 27. 



84. Similarly, if we know the relation between the slope 
of a curve ~ and its abscissa, we can obtain the equation 
of the curve, except for an arbitrary constant which regu- 
lates the vertical position of the curve. This example is the 
true inverse of the geometrical illustration in the differential 
calculus (§ 12). But for the purpose of the integral calculus 
we prefer another geometrical example. 
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ise we have (Fig, lo) a plot of y =f(x). Give 
, viz. AE or BK, and consider tlie 
resulting increment not of _j', but of the area OABC or s. 




This increment As of the area is evidently the small area 
ABDE. This small area is the sum of the rectangle 
ABKE and the tiny triangle BDK. The area of the rec- 
tangle is the product of its base \x by its aUttude f(x). 
So that 

!^z^fix)\x-^BDK. (i) 

Evidently the smaller we make Lx, the smaller the area 
of BDK becomes relatively to the small rectangle, and may 
finally be neglected, giving the important equation 

dz=f{x)dx. ii) 

This is not, of course, a mere approximation. It is abso- 
lutely exact. 
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The reasoning just given is tc 
of the following; 

Dividing (i) by Ax, we have 



But the area of a rectangle divided by its base is its altitude — 
his case DK. Hence (3) may be written 



=/(^)+ something lesa than DK. 



=/w, 



This equation is often written 

dz — y dx, or 3 = \y dx, 
y being the usual symbol for /(*), the ordinate of a curve. 

86. Suppose y or f{x) to bo 

3^'+ Si 
that is, let jv = 3 a:^ 4- 5 be the equation of a curve. The 
integral calculus enables us to obtain the area 3 in terms of 
the abscissa x. 

We know that dz := {3 .»^ + 5) dx, 

2 = ^ + 5^+ C. (i) 
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The student may test the correctness of this integral by 
differentiating it and obtaining (3 ^ + 5).^. 

It remains to determine C. . Since we intended to meas- 
ure the area % from the ^-axis, evidently z vanishes when x 
vanishes. Putting x and 2 both equal to zero in (1), we 
obtain C =: o. (If we had measured area from some other 
vertical than the jK-axis, the value of C would be dilTerent.) 
Hence (i) becomes s = 3^ + 5 ^■ 

Thus suppose x = y, then s = 42. That is, the area included 
between the curve y = 3^:^ + 5, the axes of coordinates and a vertical 
3 units from the j^-axia is 42 units. If the Uneat units be inches, the 
area units are square inches. 

87- We see more clearly now than in § 76 why integration was first 
conceived of as summation. The area s is evidently the sum of a great 
many is's, and at the limit is conceived of as the =um of an indefinite 
number of i&'s. 

The ih, though a real zero, is thought of as an elementirv sti p of 
area infinitely narrow — the limit of ABDE. 

88. The problem of obtaining curvilinear areas was one of the 
earliest and is one of the most important of the applications of the 
integral calculus. Previous to the discovery of this brani-h of mithe- 
matics only a very few curves, such as the circle an 1 patibjla cjuid 

89. We are here chiefly interested in the geometrical 
symbolism. We have seen that the slope of a curve is 
the differential quotient of its ordinate (with respect to its 
abscissa). We now see that the ordinate in turn is the 
differential quotient of its area (also with respect to the 
abscissa). For dz = ydx means simply 



dx 
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If we wish to make a graphic picture of any function and 
its derivative, we can represent the function either by the 
ordinate j of a curve or by its area, while its derivative will 
then be represented by its slope or ordinate respectively. 

If we are most interested in the function, we usually 
employ the former method (in which the ordinate repre- 
sents the function) ; if in its derivative, the latter (in which 
the ordinate represents the derivative). That is, we usually 
like to use the ordinate to represent the main variable under 
consideration. 

Jevons in his Theory of Political Economy used the 
abscissa x to represent commodity, and the area s to repre- 
sent its total utility, so that its ordinate y represented 
"marginal utiUty" {i.e. the differential quotient of total 
utility with reference to commodity). Auspitz and Lieben, 
on the other hand, in their Untersnchungen tiber die Theorie 
des Preises, represent total utility by the ordinate and margi- 
nal utility by the slope oi their curve, 

go. The method of integration enables us not only to 
obtain the particular curvilinear area described, but also an 
area between two hmits, as AB and A'B' (Fig. ro). Evi- 
dently this area is the difference of two areas OA'B'C 
and OABC. The first is the value of ff(x)dx, when 
OA' (or x^ is put for x in the integral when found, while 
the second is the value of the same integral for x — OA 
(or x{). This is expressed as follows : 



L> 



•)&, 



and is called an integral between limits, or a definite integral. 
The reason it is called definite is that it contains no arbi- 
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trary constant, for this constant disappears when one of the 
two integrals concerned is subtracted from the other. 



Thus, if (f{x)dx be F{x)-VC, 



means simply (-^(*s) + C)- {F{x^ + C), 

which reduces to F(x^—F{x^, for C must be taken to be 

the same in both integrals. 



for the C drops out, since for each expression the area is measured from 
the same vertical, though no matter wkat vertical. 

It is usual to abbreviate the expression for litnits. 
Thus, instead of C'''f{xyx, we write C f(«)dx. 

91. There are certain general theorems of integration 
corresponding to the general theorems of differentiation of 
Chapter II. Of these the two most important are : 

CKf{x)dx =KCf{x)dx 

and jUM±fM±-)']d^ 

=jA{x)dx±p,(x)dx±jUxyx ±.... 

The proof of the first is simple, for the integral of the 
right side of the proposed equation is KiFixjJc'C), or 
KF{x)-{-KC or KFix)-{-C', where F{x) means the pritni- 
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tive of /(r) and C is an arbitrary constant. But C might 
as well be wntten C, since its value is anything we please. 

The integral on the left is also KF{x)-{-C; for this 
diffeientiated gnes Kf(x)dx. 

The proof of the second is also simple. If we denote 
the primitives of A{x), Mx), -, by F,(x), F.,(x), -, it is 
evident that the integral on the right is 

Fi{x) + C,± F^{x) +C^± Fix) + G ± ■ ■ ■ , 

F,{x)±F,{x)±...+C, (i) 

where C is C1 + C2 + C3, and is therefore arbitrary. The 
integral on the left is the same quantity (i), for the differ- 
entia! of (i) is (§ 26), 

d{Flx) ± F^(x) - + C)=dFt{x) ± dF-lx) — 

^Mxyx ±Mxyx ... =(/(^)±/=(*) - )'^- 

92. Examples. 

1. Integrati: (I + a + i)x'' dr. 

2. Integrate x^dx^^ yx'>dx+ ^x^de. 

3. Integczte (A + 2) {i:x*dx + i;^dx}. 

4. If the velocity of a body increases with the lime according to 
the formula — = 3 ^''. find the formula for the distance traversed. 

5. How far does it move between the instant when i is 3 seconds 
and that when ( is 5 seconds ? 

6. Fin<i the eKpression for the area (correspon cling to a in Tig. 10) 
for the curve whose equation is y = $x^ + 2, 

t. What is the value of that area for the point where j- is 1 ? 
Whereas is 3? Where^isaa? 

S. What is the area between the curve, the x-axis, and the two 
verticals erected at jr = 2 and j^ = 4 ? 

9. Solve the same problems for the curve y = x^+H; far j = 

10. Pind the area b, for 7 = «* ; J = log (.r + 5) ; y = sin x. 
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93. Just as we may differentiate successively, so we may 
integra.te successively. 

If we perform the integration 

j fix)dx and obtain f\(x), 
we may then take 

(Ux)dx and obtain fd^x), 
and then | /■,(x)dx and obtain /^{x). 



Instead of writing I fi{x)dx, we may substitute for fiix) 
its value I f{x)dx, and we shall have 

*vhich, however, is usually abbreviated to j j /{x)dx dx, or 
even to C Cf(x)dx\ 

Similarly, we may write 

JTj7(:r) dx dx dx, or (fp{x) dx', etc. 

We may express the double, triple, etc., definite integrals 
also. The fiiU form for the double definite integral would be 

which, however, may be condensed to 
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94- To apply these ideas we recui to our old example of a falling 
body. Suppose our first knowledge is not i= ifi/^nor — = 32/, but 
— - =: 32; that is, we simply know that the acceleration is a given con- 
stant (32 velos pet sec), or to be more general let us call this eon- 

The eiven equation, — = f, means, as we know, — 1 — - ~ o-, or 



whence, integraling, ^=^; + C,- (1) 

but this may be written ds =gliU+ Cdl, 

whence, integrating again, i = i^gfi +Ct-\- K. (2) 

We have still to determine the arbitrary constants C and K. If the 
distance i is measured from the starting-point then, j and t vanish 
simultaneously. Substituting zero for them both in (z), we obtain 
K = o. 

It remains to determine C. 

To do this we take equation (l) and suppose the body falls, not 
from rest, but with an initial velocity of u feet per second; then when 
f ero — is %i 
and (!) then reduces to 

Substituting C= « and K ^ o in equation (2), we have 
s = \ge^\ ut, 
the general equation of falling bodies. 



95- 
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96. The simple transcendental integrals ate obtained as follows ; 

Since <sinjc)= co3^(£r, then j'cQSirt'j^ = sin^r + C 

Since rfCcos x) = - sin x dx, then j" - sin :r i& = cos x + C, 
whence ( sin(^)a';v = - cos^ — C = — 005^+ t", 

for C is perfectly arbitraty. 

Sinct iM . '•'^g*''-' , te. f £i2S£ife = .. + c 

Log i J Log e 

whence f^^ A= "^ ^°g" + C. 

J log^ 



Also 



Vi -J J Vi -a^ 

Since ^arctanjr= ""-^ , then f-^, = arc tan jc + C 

Since ^loga: = — , then I — = logj-+C 

= log^ + log^ = logC^:r)= log (Or). 
ar C and K are wholly arbitrary. 



97. We may summarize the formulae for integration which 
have been given : 

Ca dx-=ax^ C, 

ix'"dx = h C (when n is not = — i), 

I x~^dx =s \ogx + C, 
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Ce'dx = e'+ C, 
CJ^=^ct^nx + C, 

/ ^^ = arc sin ^ + C, 

I sin X dx = — cos X ■\- C, 

I cos 3^ i& = sin ar + C. 

98 T t tl t i, 1 I lus ll> ) b lU L 

th y p d th th d t m b t p I t g 1 

bthdfit ddfit dthpald fttag 

tl m 1 th 1 ttl bo k wl I 1 t 1 t ly th t g 1 

d fund m tal p pi m y fitlj I d sc t tli 

p t Pta t Uy n d 1 t d ts f tl Cal 1 us lly 

dpi tb! ftgl Th d f dtBOP 

Sh t T bl f I t gr 1 C mpl t tabl py 1 g q t 

volumes. An absolutely complete table does not exist, for there are 
multitodes of integrals which have never yet been solved. 

99. We may, however, point out one tool for integrating 
already in the reader's possession. 
Suppose we have to integrate 

X {x^ + ifilx. 
This may evidently be put in the form 

or i(-*^+ 2)^ 2xdx, 

or i(*^ + 2)V(^, 

or i(^=+.)VC^+3), 

and in this form it is easily integrated. 
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For, putting u = x^ + z, we have 

the integral of which is 

8' 

8 
This device consists in changing the variable, getting rid 
of dx, and obtaining instead a differential of sorae other 
variable, u, in terms of which the whole expression may be 
written. 



ICM). Examples. 




1. i^dx = 1 


6. f '■'" . 


2. j'\^fli=? 


'•J^/ 


'■f^- 


-J!^.- 


'■/<^.- 


9. J'C. + S.V^ 


'J^- 


10. J'^=- 
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FONCnONS OF MORE THAN ONE 



lOi. We have had to do hitherto with functions of only 
one variable, such as x^ -\- -i x ■\- t,. But the magnitude 
X- + 2 ay + ^f, for instance, is dependent for its value on 
two variables, x and y ; i.e. is a function of x and y. 

The relation s = jc^ + 2 jcj + '^y^, or, more generally, 
z — F{x, .y"), states that s is a function of x and y ; that is, 
that a change either in ^ or _>' produces a change in a. 

Thus, the speed of a sailing vessel is a function of the stcength of 
the wind and the angle at which she sails to the wind. 

The force which produces tides is a function of the earth's distance 
from the moon and its distance from the sun. 

The price of stocks is a function of the rate of dividends and of the 

Similarly, w = F{x, y, i) expresses the fact that w de- 
pends on Xf y, and s, and so on for any number of variables. 

Thus, the force which guides the moon is a function of its distance 
from the earth, its distance from the sun, and the angle between the 
directions of these two distances. 

The price of a Turltish rug is a function of the prices of its constitu- 
ents, the cost of transportation, the rate of tariff, etc. 

If for tv = F(x, y, z), the condition of some special 
problem should require z to remain constant, the function 
may be written as w = ^(x, y) ; and if y is also constant, as 
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Thus, the speed of a sailing vessel is a function of her angle to the 
wind, if the strength of the wind remain constant. 

The pfice of woollen cloth is a function of the price of wool, if the 
cost of labor, etc., remain constant. 

102. Since the terms of an equation can be transposed, 
it is always possible to gather them all on the left side, thus 
reducing the right side to zero, y = V^ + i is the same 
equation as y — ^ — i = o. The left member is here a 
function of x and y. And in general it is evident that any 
relation between two variables y = Fix) can be reduced to 
the form i^(:k,^)= o. When expressed in the first form, y 
is called an explicit function of x. In the latter it is an 
implicit function of x. 

In like manner, any relation z—F{x, y) can be reduced 
to the form i^(*, y, s)= o ; any relation w = F{x, y, s) to 
ij>{x, y, z, w)=a, and so on. 

103. We have seen that ^{x,y)=o or y=F{x) can 
always be represented by a curve with x and _;■ as the two 
coordinates. So, also, ^{x, y, z)=o or z = F{x,y) can 
always be represented by a surface with x, y, and s as the 
three coordinates. 

Draw three axes at right angles to each other, such as the 
three ei^es of a room, meeting at a comer on the floor, the 
iV-axis being directed, say, easterly, the ^'-axis northerly, and 
the s-axis upward. 

To represent z = x^ -\- 7. xy -\- 3^^, 
let X have any particular value, such as 2, and y, 1. 

Then 3 = 2^ +2x2X1-1-3x1* =11. 

Find the point in the room which is 3 units east of the 
comer, \ unit north of it, and 11 units above it. This is 
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one point of the required surface. By talcing all possible 
combinations of values of x and y, and finding the result- 
ing values of z, we can tind all points on the surface. 

104. When z = F{x, y) , we may vary x by Aa% while y 
remains cons/ant, and thus cause in s an increment denoted 
by As. The ultimate ratio of As to A* is expressed by 
53 SFj^,y)_ 

and is called the partial derivative of F{x,y) with respect 

c. ., I dz SF(x,y) 

Sinularly, — or \ 

dy ay 

is the partial derivative with respect to y ; i.e. the derivative 
obtained by keeping x constant during the differentiation. 

Observe that the symbol 5, denoting partial differentia- 
tion, is not identical with d. 



105. The geometrical interpretation of these partial deriv- 
atives can be made evident. If on the surface, y=F{x, y), 
say the surface of a stiff felt hat, we take any given point P 
and pass through it a vertical east and west plane, the plane 
and surface intersect in a curve passing through P. The 
tangential slope of this curve at P (or, as we may call it, the 
E-W slope of the surface itself) is — • For the coordi- 
nates of P are x, y, z, and those of a neighboring point Q 
on the curve (and therefore on the surface) are x + Ax, y, 
z -f- As, where Ax is the difference between the x's of P 
and Q, and As the difference between the s's ; theys are by 
hypothesis the same. The slope of the line joining /'and ^is 
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— , and its limiting value, lim — or — , is the slope of 
the curve at P (see § iz); i.e. the E-W slope of the sur- 

Similarly, — , or . — ' -i is the north and south slope of 

the surface. 

These two primary slopes of the surface can be repre- 
sented by placing two straight wires or knitting needles 
tangent to the hat at the point P, one in an E-VV vertical 
plane and the other in a N-S vertical plane. 

If we take any neighboring point R on the surface, its 
coordinates are x + ti.x,y + Aj, z + As, where the A's are 
the differences of coordinates of P and R. 

Jom P ind R Then — ^ represents, not the true slope 

of the hne Pk, but its cat/ and west slope. It is the rate 
the Ime ascends m comparison, not with its true horizontal 
progress, but with its easfuard progress. A climber as- 
cending a northeasteilv ridge may be rising 5 feet for every 
3 of horizontal progress, but yet rising 5 feet for every 2 of 
eastward progress. We have to do with the latter rate, not 
the former. 

So also — is the ?w/-jS4rtKrfjca/A slope of the same line 7*^. 
Ay 

Now let R approach P (along any route -whatever upon 
the surface) until it coincides. The line PR approaches a 
Hmiting position which is a new tangent to the surface (a 
tangent to that curve in the surface which R traced in ap- 
proaching P). The E-W slope of this tangent ir '•"■ 
called — , and its N-S slope, -- 

Representing this tangent by a third wire, we h 



^x 
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tangent wires through P, one in an E-W vertical plane, a 
second in a N-S vertical plane, and the third, any other 
tangent. The first has no N-S slope; its E-W slope is 
The second has no E-W slope ; its N-S slope is - 



a* 



dz 



The third has both kinds of slope, viz., — and 
dx 



&y 



dy 



io6. As will be shown, the relation between these various 



(») 



derivati 


..= 


dx 


dy 


which is 


to be considered an 


elliptical fo 




dz__^ 


^ds 


+ ^.^ 



rof 



dx dx Sy dx 
dz dz dx , ds 



dy dx dy dy . 

The form (i) has the great advantage of symmetry. It 

seeras, however, to conceal the existence of ^ or — , which 

dx ay 
are brought out in (2). These last two magnitudes require 

merely a word of explanation, -^ is not an upward slope 

dv 
at ail, as it does not involve the vertical s. It is the incli- 
nation of the third wire across the floor, the rate at which 
a moving point on it proceeds 
ward progress. 



north i 



" In order to master and remember this proof, the student Is advised 
to construct for it some actual physical model. He will then find it 
extremely simple. 
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We first assume that all wires tlirougli P tangent to tlie surface lie 
in one and the same plane called the tangent plane. This assumption 
is analogous to that in $ 14, that the progressive and regressive tan- 
gents coincide. There is an exception if the surface has an edge or 
wrinkle at the given point. 

Let us take in this plane the three tangent wires above considered, 
viz. the two primary wires (in vertical planes running E-W and N-S 
respectively) and the wire obtained as the limiting position of PQ. 
Take a point Q' on this third or " general " wire, having coHrdinates 
X + a'x, y -f i'/, 3 + ex'z, (The primes serve to distinguish Q' on 
the tangent plane from Q on the surface.) 

Through Q' pass two vertical planes running E-W and N-S respec 
lively. We already have two such planes through P. These four 
vertical planes cut the tangent plane in a parallelogram, of which /"g' 
is a diagonal and the "primary wires" are the two sides meeting at 
P. Denote the two vertices as yet unlettered by H and K, the former 
being in the E-W and the latter in the N-S primary wire. 

a's being the difference in level of P and Q' is the sum of the dif- 
ference in level of P and H and of H and Q', just as the difference in 
level between Mount Blanc and the sea is the sum of the elevation 
of Lake Lucerne above the sea and of Mount Blanc above the Lake. 
(It does not matter whether /f is or is not intermediate in level between 
P and Q', for if not, one of the heights conddered becomes negative.) 

Now the diiTerence in level of Pand .ff is 



for the difference of level, h, bi 




(Fig. li) is the product of the slope of ^/A^ by the horizontal interval, 
n, between them (since; slope of ^7^ = -, whence h = ay. slope of 
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MN). |2. ;s known to be the slope of P^, and tJx is the E-\V 
interval between P and Q\ and therefore also the E-W interval (or 
in thia case the hoiizontal interval) between P and H (sinee ^and Q' 
are in the same N-S plane). 

Again the difference in level between ff and Q' is 

For ^, being the slope of PK, is also the slope of HQ< paraUel to 
PK, and A>, being the N-S interval between P and Q>, is also the 
N-S (and in this case horizontal) interval between H and Q' (since 
^and P are in the same E-W plane). 



Therefore, 



This may be written 



57 



A'jr dx hy 

Now — is the E-W slope of the "general tangent" wire PQ'. 
But we have seen that — - is also this slope. Again, ^-^ is the inclina- 
tion of this same wire across the floor (the rate at which a point 
moving on the wire proceeds northward relatively to its eastward 
progress). But so also is -j!^ (§ lo6)- Substituting therefore these 
values for the primed expressions, we have 

ot^aa , (k dy 
dx Qx dy 'dx 

which may be thrown into the elliptical form 
di = ^dx-^^dy. 

dx dy 

In this, fl'j is called the total diffirtntial of z, wliile ^ dx and |- dy 
^,^M^ partial differential.. ^^ ^^ 

It is evident that we should reach the same result if in the preced- 
ing reasoning we had employed K in the way we did employ H, and 
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■vice versa; also that we could have divided (i)' by Aj instead of 
by li}x. 

I08. The formula (r) (§ io6), or its two alternative 
forms (2), enable us to ascertain the direction of any tan- 
gent line to a surface. 

Thus, let the surface be 

X and y are 1 and 1 lespeclively; s is evidently 6. 

1. The primary E-W tangent wire at this point has an E-W slope 
— — 2J-J. 2y ~ ^ found by differentiating the above equation tieat- 
ing y as constant, and has no N-S slope. 

2. The primaiy K~S tangent wire at lliis point has a N-S slope 
^ = 2 .c + 6 y = 8, and has no E-W slope. 

3. The tangent wire in the vertical plane running northeast and 
southwest has an E-W slope of 

^_9s _^53 . dy_ 
dx dr dy dx 

= 4 + Slil 



dy dx dy dy 

i. The tangent wire in the vertical plane running northwest and 
outheast has the two slopes 

.Id 4(-l)+8= + 4. 

5. The tangent wire in the vertical plane cutting between north and 
;ast so as to be advancing north twice as fast as east 

f.>. .■.ti..t*=.V 
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dx Qx dy |! ""^ 



tfy. dx ify dy 
= 4 X i + S = lo, 

and so on for any tangent wire whatever. 

109. Examples. 

1. Find the slopes of the five sorts above indicated for the same 
surface at the point for which x = ^ and y = 2. 

2. At the point where x =— I, f =— l. 

3. At the point where x = 0, y = a, 

4. For the surface e = ir' + x'+x + xy+y + y^+y^ at the 
point j^ = o, J/ = I. 

6. For the surface 

s^x^y~2 arV + 3 

at the point ^ = 2, ^v = 3. 

e. On the same surface at the same point, what ate the E-W and 
N-S slopes of the tangent line which progresses northward 3 times 
as fast as eastward ? 4 times ? 3^ times ? 

7- Answer the same questions for s = log y + 3* + xy. 

iio. When we have a function of more than two vari- 
ables, as y=^F{x, y, z), there is no mode of geometrical 
interpretation corresponding to the curve for y = P^x) and 
surface for z = .^(^v, y) (unless, indeed, we posit a " fourth 
dimension," and speak of a " curved space " of three dimen- 
sions whose coordinates are x,y, z,wX). 

It may be shown, however, in a manner strictly analogous 
to the process of g 107, but without employing the geomet- 
rical image, that 

dw — — ax -\ ■ dy -\ dz. 

ax ay az 
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82 INFINITESIMAL CALCULUS 

This differential equation is elliptical for the three equations 
obtained by dividing through by dx, dy, and dz. 

The theorem and its proof are extensible to any namber 
of vai'iables. 

III. A very important application of the principle of 
partial derivatives occurs when y is an implicit function of 
x; i.e. when ilt(x,ji) — o. We are enabled to obtain the 

derivative -^ without being obliged first to transform the 

dx 
implicit fiinction into the explicit form y — F(x). 

Thus, if jT^ + 7^ — 2j^ ^^e ^ay find -^ without changing the equa- 
tion to the form j = ± Vas - ■>:'. ^ 



We know from § 106 (2) that if z=<fi(x,y), then 
d^ ^ d^{x,y) ^ e^ixo^ ^ di^ 
dx dx dy dx 

jther forms, as given in 



which may also be written 
§ 106. 

When a is zero, as in the 

— is also zero {§27, end). 

dx 

above equation, we obtain 



ase now being considered, then 
Making this substitution in the 



di^ 



In words : To find the differential quoHent of y with re- 
spect to X when the functional dependence between x and y is 
expressed in the implicit form ^{x,y) = <:i, differentiate the 
function ^{x, y) with respect to x, treating y as constant, 
and then again with respect to y, treating x as constant. 
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APPENDIX 83 

Take the partial derivative found from the first differentia- 
tion, divide it by that found from the second, and prefix the 
minus sign. 

Thus, if j;^ -!-y = 25, or j:^ + _i'^ — 25 = o, we \-as^ find --■'- as 

The partial derivative of ifi +y - 25 with respect to j: is 2 x, and 
with respect tojv, 2y. Hence 

This result is expressed in terms of both x and y, but it may be 
transformed so as to involve but one variable. Thus, su bstitute ior y its 
value as oblained from a^ + j^ = 25, viz. ± V25 — j;'^. Then 

'i^ tt 1/25 - x^ 

a result identical with that obtained by differentiating the explicit form 

113. Examples. 

1. Find^, 



if ax^f + b^y"^ = O. 

Il + I + J.o. 



3. Find 

i. rind*. 

S. Find*, 

a. FindS, 



7. Show § 1 1 2 geometrically. 
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